However, peripheral nerve maladies can impact this functionality and severely decrease a patient's quality of life. Peripheral neuropathy affects over fifteen million people, and patient recovery depends on accurately assessing the nerve damage [Sessions and Nickerson, 2014] . Precise determination of the extent of neuronal damage can enable better diagnoses and care, thereby leading to appropriate intervention and accelerating the recovery process. To date, most evaluation approaches have focused on functional evaluation of the nerve state, providing little to no insight into the dynamics of damage or regenerative mechanisms. These functional electrophysiological tests may be complemented by invasive histological biopsies (such as sural nerve biopsies) [Malik et al., 2001] . However, nondestructive structural and functional assessment of peripheral nerves remains relatively unsophisticated and is therefore the focus of this review.
Noninvasive imaging techniques would ideally assess the neural structural and functional state with greater accuracy, rapid diagnoses, lower cost and minimal discomfort. Recent advances in the noninvasive imaging of peripheral nerves utilize both existing as well as novel techniques to not only visualize nerves, but also evaluate their structural integrity and metabolic activity. This review article addresses developments in magnetic resonance imaging (MRI), diffusion tensor imaging (DTI), ultrasound (US) and positron emission tomography (PET) in the context of peripheral nerve damage caused by lesions, neuropathies and ligation injuries through markers of nerve health and structure. The criteria used to compare the imaging methods include correlation with physiological and electrophysiological factors, ease of use, interoperator consistency and resolution. The unique capabilities of each modality are summarized in table 1 and explored in further detail in the sections below. The sections are subdivided by imaging method, and discuss current research in the field as well as priorities for future research with the aim of developing better clinical tools for peripheral nerve imaging.
Magnetic Resonance Imaging
MRI is a well-established imaging technique that can be used to differentiate injured peripheral nerves from healthy nerves. MRI utilizes a strong magnetic field to create a baseline net magnetization in the tissue followed by a disruption of the magnetization with a brief radio pulse, changing its direction and decreasing its longitudinal magnitude. The tissue's return to baseline magnetization can be described by two time constants, T1 and T2, with T1 describing the time for the longitudinal magnitude to return to the baseline level and T2 describing the time for the magnetization to realign to its original direction. Noncontrast MRI imaging of peripheral nerves typ- ically utilizes T2-weighted scans, which depicts injury sites as hyperintense compared to other tissue, likely as a result of edema at the injury site, which affects the T2 value. In most clinical applications, the MRI magnetic field strength is relatively low -typically below 3 T; however, higher field strengths can better delineate peripheral nerves by increasing the resolution and signal-tonoise ratio [Zaidman et al., 2013] .
Application of MRI to Nerve Imaging: Magnetic
Resonance Neurography MRI scans can accurately determine the location of a lesion, provide a high level of anatomical detail, and correlate with electrophysiological evaluation -the current gold standard for nerve injury evaluation [Stanisz et al., 2001; Lacour-Petit et al., 2003] . Peripheral nerves imaged through injury and regeneration with noncontrast enhanced T2-weighted scanning initially displayed isointensity with surrounding soft tissue prior to injury. Upon injury, the T2-weighted intensity increased as a result of edema near the injury site, but over the course of the regenerative process the hyperintensity gradually decreased to baseline levels, corresponding with nerve regeneration [Lacour-Petit et al., 2003; Bendszus et al., 2004; Wessig et al., 2008] . Bendszus et al. [2004] examined the electrophysiology of injured rat sciatic nerves during controlled periods of degeneration and regeneration following ligation. Following injury, compound muscle action potential (CMAP) and electromyography measurements sharply decreased. They then gradually increased over 7 weeks postinjury, paralleling histological evidence of regeneration. Similarly, the T2-weighted nerve signal intensity was initially similar to surrounding tissue (isointense), and increased sharply postinjury before gradually decreasing over the regeneration period. This corresponds to the decrease in intensity corresponding to the first voluntary movements recorded by the electromyography. These results suggest that MRI can provide an accurate nerve injury assessment, allowing for an alternative, noninvasive measurement technique in cases where direct electrophysiological applications are not practical [Evans and Manji, 2013] .
Although MRI represents a common clinical approach to nerve visualization, there is currently a trade-off between MRI resolution and the field of view, which inhibits accurate visualization of long nerves [Lacour-Petit et al., 2003] . Also, the technique cannot at present resolve the degree of injury, which is necessary for planning a course of surgery [Bendszus et al., 2004] . However, this can change as future research in MRI of peripheral nerves focuses on accurately determining the location and degree of nerve injury, thereby leading to more reliable diagnoses. New developments in contrast agents that suggest possible methods of locating the injury are promising areas of further investigation.
Application of MRI to Nerve Imaging: DTI MRI can also be used to track the diffusion of water molecules in a technique known as DTI [Sheikh, 2010] . DTI imaging relies on analyzing metrics of nerve health, calculated from water diffusion, to create a numerical approach to understand nerve injury, since the diffusion patterns differ between healthy and injured nerves. As a numerical technique, DTI metrics can be compiled and analyzed, yielding statistical correlations with electrophysiology and histology, and improving diagnoses. These metrics include the tensor eigenvalues for parallel and perpendicular diffusion (λ || and λ ┴ ), as well as fractional anisotropy (FA) and apparent diffusion coefficient (ADC) [Lehmann et al., 2010; Morisaki et al., 2011; Guggenberger et al., 2012] . The eigenvalues are directly correlated with the amount of water diffusion either parallel or perpendicular to the nerve, and FA and ADC are composite values calculated from both λ || and λ ┴ . As relatively linear structures, healthy nerves maintain anisotropic diffusion as the water molecules are effectively restricted to one line of motion. After structural damage, however, the water molecules are more capable of diffusing orthogonal to the nerve, thereby decreasing the diffusion anisotropy.
Multiple studies demonstrate the validity of DTI diffusion metrics in characterizing nerve injury through correlation with established methods, such as electrophysiology and histology. Among these metrics, the FA values consistently respond to nerve injury and consistently correlate with histological markers of nerve health [Kakuda et al., 2011; Morisaki et al., 2011; Manganaro et al., 2014] . Studies in both human patients and animal models demonstrate that the FA values are significantly lower in injured nerves than in healthy nerves, due to the decrease in myelination and anisotropic diffusion [Kakuda et al., 2011; Morisaki et al., 2011; Chhabra et al., 2013; Mathys et al., 2013] . Similar to measurements of MRI hyperintensity, these values changed over the course of nerve structural regeneration, increasing as anisotropic water diffusion was restored.
FA values also correlate with the electrophysiological assessment of nerves, which is essential to demonstrate the clinical applicability of DTI. In clinical studies, patients maintain a significant positive correlation between the amplitude of the tibial nerve action potential and FA (R = 0.86, p = 0.04) and between FA and CMAP measure-72 ments [Kakuda et al., 2011; Mathys et al., 2013] . The significant correlation between FA and CMAP assessments elevates DTI to the current gold standard in evaluating nerve health. This can serve to improve prediction of nerve regeneration in situations not conducive to direct electrophysiological measurement. Other DTI metrics also displayed correlations with aspects of nerve health [Lehmann et al., 2010; Morisaki et al., 2011; Guggenberger et al., 2012] . Of note, ADC demonstrates the ability to distinguish malignant nerve tumors and tumor-like lesions from benign lesions [Guggenberger et al., 2012; Chhabra et al., 2013] . However, results relating to these other DTI parameters contradict in their ability to characterize nerve structural integrity, possibly due to varying equipment, interoperator differences, patient variability or inherent properties of λ ┴ , λ || and ADC [Kakuda et al., 2011] . These factors, however, may have clinical relevance toward other aspects of nerve health, similar to ADC's ability to detect malignancy. Further investigation is necessary to understand this inconsistency as well as to develop technology or protocols to reduce variability, and perhaps discover other applications for these metrics.
DTI measurements can assess nerve health at various stages of recovery and to a high degree of accuracy. The Wallerian degeneration ( fig. 1 ) following nerve injury was characterized through significant changes in measurement parameters, as was the resulting recovery process [Lehmann et al., 2010; Morisaki et al., 2011] . Of particular interest in clinical applications is to determine diagnostic thresholds for DTI parameters that correspond to the existence or lack of nerve damage for a particular neuropathy [Guggenberger et al., 2012; Mathys et al., 2013] . ROC (receiver operating characteristic) analysis and threshold calculation were used to evaluate the use of FA and ADC in studying carpal tunnel syndrome, and a threshold of FA in the median nerve lower than 0.47 or ADC above 1.054 × 10 -3 was considered an indicator of carpal tunnel syndrome [Guggenberger et al., 2012] . This method yielded high sensitivities (0.83 and 0.83, respectively) and moderate specificities (0.67 and 0.54, respectively) for FA and ADC. Similarly, the analysis of patients with polyneuropathy revealed an optimal FA diagnosing threshold of 0.514, with ROC analysis stating a high sensitivity (0.73) and specificity (0.70) [Mathys et al., 2013] . Threshold analysis has a unique advantage over numerical-based imaging techniques, such as DTI and molecular imaging, and can improve diagnostic potential. Evidenced by the high sensitivity and specificity of the test after threshold analysis, this approach can provide common standards by which to gauge the extent of nerve injury.
As an MRI-based technique, DTI has a low spatial resolution (1.6-3 mm voxel dimensions) and, thus, attempts to acquire high-resolution scans may require an inconvenient amount of time [Jaermann et al., 2004; Lehmann et al., 2010; Kakuda et al., 2011; Manganaro et al., 2014] . Stronger magnets can help alleviate this issue, but further research should explore the development of a rapid imaging protocol for DTI scans [Kakuda et al., 2011] .
Ultrasonography
US imaging relies on the echo pattern of high-frequency sound waves (5-15 MHz) generated by piezoelectric crystals to visualize peripheral nerves [Martinoli et al., 1996] . US imaging of nerves can be axial, with the ability to view fascicles, or along the long-axis, parallel to the nerve and visualizing the entire structure in one view. Nerves, which typically appear as hypoechoic areas, are typically distinguished from blood vessels by the presence of a fascicular pattern on axial scans [Martinoli et al., 1996; Kara et al., 2012] .
As MRI in general provides a greater resolution and contrast scan of peripheral nerves, US imaging serves as a supporting tool for conducting other procedures [Martinoli et al., 1996; Walker et al., 2004; Marhofer and Chan, 2007; McCartney et al., 2007; Koscielniak-Nielsen et al., 2008] . US imaging currently supports nerve blocks in which a catheter is guided to the nerve. The catheter is used to inject anesthetics and provide pain relief. In these situations, US can provide physicians, who previously were limited to 'blind' injection or injection based solely on surface features, with a visualization of the target nerve within the tissue [McCartney et al., 2007; KoscielniakNielsen et al., 2008] . McCartney et al. [2007] evaluated the applicability of US in visualizing the median and ulnar nerves in the forearm. US in healthy volunteers suggested that these nerves can be visualized consistently from the elbow to the wrist, at a depth of up to 16.8 mm below the surface of the skin. In a clinical study of US-guided nerve blocks using a long-axis continuous US scan (5-13 MHz), the target nerve and catheter advance could be observed and resulted in successful nerve block administration [Koscielniak-Nielsen et al., 2008] . Further research is required to advance these techniques further and improve the delivery of nerve blocks. This allows for more reliable analgesia application for patients, especially as there are few, if any, complications from a US-guided nerve block [Marhofer and Chan, 2007] . The destruction of the neuronal structure is the physiological alteration that effects image visualization of the injury site. The lack of constraint posed by the degenerating neuron on the direction of water flow within the cell enables detection of injury using DTI. Also, Wallerian degeneration of an entire nerve leads to edema near the injury site, enabling visualization in magnetic resonance neurography. Additionally, the macrophages arriving at the injury site can phagocytize and transport contrast agents to the injury site, enabling contrast imaging. Figure reproduced with permission from the publisher.
Certain US scans can resolve details as small as 400 μm and can be combined with electrodiagnostic testing to yield improved diagnoses [Walker et al., 2004; Koenig et al., 2009; Kara et al., 2012] . US, unlike MRI, can visualize long nerves in a single study, but occasionally the nerve becomes difficult to follow due to either the nerve's anatomical location in terms of depth in the tissue or because of the lack of anatomical landmarks, at which point MRI may be preferable [Martinoli et al., 1996; McCartney et al., 2007; Kara et al., 2012] . In certain instances when visualizing and following nerves, US operators can have difficulty locating the nerve structure [McCartney et al., 2007] . Changes in local anatomy can alter the nerve layout and shape, complicating the scanning process and preventing the identification of vascular landmarks, thereby inhibiting the anatomical mapping.
Although most studies considered US to be inferior to MRI in resolution and contrast, Zaidman et al. [2013] noted greater sensitivity for US than MRI (0.93 and 0.67, respectively) and equal specificities (0.86 for both), suggesting that US is preferable over MRI for visualizing peripheral nerve lesions. However, Padua and Hobson-Webb [2013] suggested in an editorial that these divergent results are primarily the product of operator bias, with the operator skill level playing a significant role in the outcome.
US imaging is highly dependent on the operator and is also affected by the age, gender, race and body position of the subject [Martinoli et al., 1996; Kara et al., 2012; Padua and Hobson-Webb, 2013] . Ongoing research into US imaging of peripheral nerves is validating its use and improving its ability to aid in performing nerve blocks or assisting in neurosurgery.
Positron Emission Tomography
Fluorine-18 ( 18 F)-fluorodeoxyglucose (FDG) PET imaging can determine regions of high metabolic activity through the use of a glucose molecule modified with an attached fluorine-18 ( 18 F-FDG). Like glucose, FDG is localized and consumed in proportion to metabolic demand or activity. The 18 F releases a positron that rapidly annihilates with an electron, producing γ photons whose locations are determined by the PET imager and used to produce a map of the 18 F-FDG. As a result of this mechanism, PET imaging has a very high sensitivity and is thus able to radiolabel the tissues with high glucose uptake.
The use of PET imaging in visualizing peripheral nerves is promising, yet it is in its infancy. Most of the current PET research in the peripheral nervous system involves evaluating peripheral nerve sheath tumors with very limited use in assessing injured peripheral nerves [Lucas et al., 1998; Ferner et al., 2000 Ferner et al., , 2008 Behera et al., 2011] . PET imaging has shown significant utility in detecting nerve sheath tumors as well as in other fields, and its value in evaluating peripheral nerve metabolism and nerve injury warrants further investigation [Osborn and Jaffer, 2009; Behera et al., 2011; Tatsumi et al., 2011] . The primary marker of nerve injury in 18 F-FDG PET is the increased uptake of 18 F-FDG by damaged nerves, which corresponds with higher levels of metabolic activity. As injured neurons maintain higher rates of neuron firing, the difference in the γ photon emissions between injured and uninjured nerves can provide opportunities to locate and assess injured nerves [Behera et al., 2011] . Although current PET imaging of peripheral nerves uses metabolism to characterize injury, future research should seek to develop agents other than 18 F-FDG that specifically target injured nerves rather than only tissues with a high metabolism. As PET has a low spatial resolution, the coregistration of PET with a spatial imaging technique such as MRI or computed tomography allows for improved anatomic localization of the 18 F-FDG uptake [Behera et al., 2011; Tatsumi et al., 2011] .
Molecular Imaging
PET and other molecular imaging techniques may be further from widespread clinical application than MRI, DTI and US, but they are likely to be valuable to the field of peripheral nerve imaging with further improvements in techniques. Similar to MRI analysis of immune activity and DTI analysis of microstructure, molecular imaging can provide detailed information on injury at a minute scale [Osborn and Jaffer, 2009; Behera et al., 2011] . Molecular imaging is inherently quantitative and shares with DTI the capability to develop diagnostic standards, statistical correlations and assess the degree of injury. Among molecular imaging techniques, fluorescencebased imaging has already shown results in the field of peripheral nerve imaging [Whitney et al., 2011] . Imaging methods such as fluorescence molecular tomography (FMT) may elaborate on this advancement to validate a molecular imaging technique to directly image peripheral nerves. FMT-or FMT-MRI-based imaging may view peripheral nerves independent of metabolic activity, and help create a foundation for new and improved diagnostic methods of peripheral nerve assessment.
Contrast Agents
The addition of contrast agents before or during imaging can enhance or extend the functionalities of the nerve imaging methods detailed above [Ayyagari et al., 2006; Hahn et al., 2011] . In particular, MRI imaging can benefit from the inclusion of contrast agents.
Many MRI contrast agents enhance image contrast by altering either the T1 or T2 relaxation times, causing changes in signal intensity. Agents that target sites of nerve injury have been developed whose mechanisms of action typically include phagocytosis by macrophages that accumulate at the injury site [Bendszus and Stoll, 2003] . They can provide information on the macrophage response and insight into the general immune response during Wallerian degeneration and nerve regeneration. Following nerve injury, macrophages are recruited to the site to breakdown the distal end of the axon and the myelin sheaths ( fig. 1 ). This destruction of the neuronal structure is the physiological alteration that affects image visualization of the injury site. The lack of constraint posed by the degenerating neuron on the direction of water flow enables detection of injury with DTI. Wallerian degeneration of an entire nerve will thus lead to edema near the injury site, enabling visualization in magnetic resonance neurography. Additionally, the macrophages arriving at the injury site during the degeneration phase of the process ( fig. 1 b) can phagocytize and transport contrast agents to the injury site, enabling contrast imaging, as discussed below.
Contrast-enhanced scans will improve upon noncontrast MRI scanning by highlighting immune activity in the postinjury axon [Bendszus and Stoll, 2003; Bendszus et al., 2005; Wessig et al., 2008; Stoll and Bendszus, 2009] . The development of perfluorocarbon (PFC) agents utilizing 19 F presents an opportunity to pinpoint activity during Wallerian degeneration [Weise et al., 2011] . PFC is phagocytized by macrophages and transported to injury sites, where it accumulates and provides a means of visualizing immune activity. As 19 F is not naturally present in the body, PFC allows for highly specific imaging of nerve injury sites.
Gadofluorine (Gf) particles also accumulate in sites undergoing Wallerian degeneration and cause increased contrast in T1-weighted scans [Bendszus et al., 2005] . The use of Gf-enhanced T1-weighted MRI was assessed in visualizing Wallerian degeneration in rat sciatic nerves after a crush injury [Bendszus et al., 2005] . In multiple studies, Gf injection soon after injury resulted in long-lasting T1-weighted contrast enhancement at the site of nerve injury. Although visible in injured nerves, Gf-enhanced contrast is absent in healthy or regenerated nerves, and thus can assist in characterizing injured nerves relative to healthy nerves. Unlike gadolinium-DTPA, a conventional gadolinium-based contrast agent, Gf-enhanced T1-weighted scanning has also been shown to visualize demyelination, an aspect that can aid in the early diagnoses of peripheral neuropathies, many of which initially manifest as nerve demyelination [Wessig et al., 2007] . A study in a rat experimental model of Guillain-Barré syndrome revealed a relationship between Gf-enhanced MRI scanning and CMAP measurements, corroborating the existing correlation between MRI and electrophysiological measurements, and confirming the validity of Gf-enhanced MRI in assessing nerve injury [Stoll et al., 2006] .
A myriad of nanoparticle-based contrast agents in development can potentially add new multimodal capabilities to the field of peripheral nerve imaging. For example, Gd-DTPA was encased in stealth liposomes forming a nanoparticle that was able to provide long-lasting contrast in MRI in the bloodstream [Ayyagari et al., 2006] . Due to their encasement within the liposomes, the gadolinium particles were unable to rapidly diffuse out of the vasculature, and thereby provided a greater enduring contrast. Multivalent and multimodal particles, capable of T2-weighted MRI contrast, binding of targeting ligands and absorption of near-infrared radiation permit diagnostic techniques combining MRI with other, more sensitive imaging modalities to acquire a complete picture of biological processes such as nerve injury [Jin et al., 2010] . Similar multimodal imaging approaches have also been developed between MRI and US, and between computed tomography, MRI and optical imaging [Liu et al., 2011; Xing et al., 2012] . In addition to expanding imaging capabilities, nanoparticle-based contrast agents can assist in treatment by visualizing targeted drug delivery or even serving as a treatment by themselves [Jin et al., 2010; Liu et al., 2011] . As many of these innovative contrast agents are still in the preclinical stage of development, information about their potential side effects is not known. By comparison, however, currently used radiological contrast agents are generally safe and only rarely cause side effects such as hypersensitivity or nephropathy [Andreucci et al., 2014] .
Conclusions
Regarding the specific imaging techniques discussed in this article, each has a unique visualization characteristic ( fig. 2 ) that results in some benefits and drawbacks ( table 1 ) . Thus, further research should be directed towards developing the comparative advantages of each method. Assessment by MRI achieves a high resolution in imaging both injured nerves with T2-weighted scans and Wallerian degeneration through contrast imaging. The ability to assess immune activity, however, is unique to MRI among the methods discussed, and thus must be included in further nerve imaging research. DTI, as a numerical technique, is best suited to general peripheral nerve analysis in clinical settings. The possibility of developing physiological standards on DTI measurements, the technique's strong correlation with electrophysiology across multiple nerve maladies and its ability to determine the degree of injury all add to its value as a tool for rapid and accurate diagnoses. US imaging in general is inferior to MRI in resolution and is highly situation dependent, precluding its current usage as a widespread primary assessment technique. However, the relative ease of use of US suggests a possible supporting role as a guiding tool for surgical or anesthetic procedures, though the reliability of the method needs improvement. Due to the limited information on PET imaging of peripheral nerves, it is difficult to draw comparisons with the other techniques, except for the obvious comparative advantage of visualizing metabolism in nerves. Further research is required on several aspects of PET application to determine its clinical relevance.
It is important, however, that the tools to noninvasively probe nerve structure and function be expanded. Functional imaging through MRI, US and PET provides the beginning of an exploration to address this need. While the emphasis of this article is on imaging modalities, it is likely that advances in novel contrast agents will significantly enhance the power of imaging methodologies to go beyond structure and probe function, as well as increase structural/ spatial resolution. Therefore, development of unique contrast agents to extend the capability of MRI, US and PET imaging to yield structural and functional information with higher spatial acuity is promising and poised to significantly extend noninvasive evaluation of nerve structure and function.
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